T
he ␦-proteobacterium Myxococcus xanthus executes a 24-hlong program of multicellular development (1) . When starved at high cell density on a solid surface, Ϸ10 5 cells move by gliding motility to build a fruiting body. Inside the fruiting body, some cells differentiate into dormant myxospores. The developmental program coordinates cell movement with changes in gene expression (2, 3) . Developmentally regulated genes are expressed at specific time points during development in an ordered, temporal sequence (4) . These genes are also expressed at particular positions within the fruiting body (5, 6) . How is the program of temporally and spatially ordered gene expression organized to produce a fruiting body reliably? Cellcell signals are important, and A-signal and C-signal molecules have been identified chemically (7, 8) . A-signal is important during the first few hours of development whereas the processed C-signal, a 17-kDa cell-surface protein that signals by contact, is important for development after 6 h. C-signal is a morphogen that induces rippling, aggregation by streaming, and, later, sporulation, each by progressively higher levels of the signal (9) (10) (11) . The C-signal also induces expression of most genes turned on after 6 h (12).
Many developmentally regulated genes in M. xanthus are expressed from 54 -dependent promoters (13) (14) (15) (16) (17) . Such promoters require a specialized transcription factor, called an enhancerbinding activator protein (EBP), in addition to RNA polymerase associated with 54 ( 54 -RNAP) binding at the promoter (18) . The EBPs are usually bound to regulatory DNA sequences upstream from the promoters, and DNA bending allows the EBP to interact with 54 -RNAP at the promoter. EBP-catalyzed ATP hydrolysis is required for opening the 54 -RNAP promoter complex to initiate transcription (19) (20) (21) . Probed by gene knockouts, 10 M. xanthus EBPs have been shown to be required specifically for development (3, (22) (23) (24) (25) (26) (27) (28) (29) . Other EBP genes have been shown to be required for the heat-shock response (30) , and still others have been found for S-motile gliding in swarms (17, 28) . The M. xanthus rpoN gene, which encodes 54 in single copy, is essential not only for normal development but also for growth (31) . More than 50 genes appear to encode EBPs in the M. xanthus genome; this is the largest number of EBPs found in any sequenced bacterial genome to date. The abundance of EBPs implies that 54 is part of a large regulatory network. Many EBPs participate in signal transduction circuits that respond to environmental cues. EBPs have a common domain organization with a central AAA-ATPase domain responsible for ATP hydrolysis and interaction with 54 , a C-terminal DNA-binding domain, and an N-terminal sensory domain that regulates the ATPase activity of the central domain in response to stimuli (32, 33) . The N-terminal sensory domains show the most variation from one EBP to another, and several distinct groups of N-terminal sequences can be recognized (33) . Most frequently, a two-component response regulator receiver domain is found there.
Some EBPs, however, have a forkhead-associated (FHA) domain as their N-terminal sensory unit. The FHA domain is shown to be an essential part of the Mx4885 protein, and Mx4885 is the subject of this report. Knockout mutants of Mx4885 show an abnormal pattern of fruiting-body development and developmental gene expression. Both defects are consistent with Mx4885 playing a role in the C-signal transduction pathway. The FHA domain is a phosphothreonine-specific recognition domain involved in specific phosphorylation-dependent proteinprotein interactions. Interestingly, this finding suggests a link between 54 -dependent developmental gene expression, Csignaling, and signal transduction pathways involving Ser͞Thr protein kinases (STPK) in M. xanthus.
Materials and Methods
M. xanthus Growth, Development, and Strain Construction. CTT medium (34) , clone-fruiting (CF) agar (22) , glycerol-induced sporulation (35) , and photomicroscopic procedures (3) have all been published. M. xanthus strains used in this work are listed in Table 2 , which is published as supporting information on the PNAS web site. Plasmids were introduced into M. xanthus by electroporation as described in ref. 22 . DK12702 has Mx4885 disrupted by integration of plasmid pJEL4885.8 by homologous recombination. Plasmid construction is detailed in Plasmid Construction in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Immunoblotting and Measurement of ␤-Galactosidase Activity. Cells were induced to develop on CF agar and harvested at the time indicated, and specific ␤-galactosidase activity was measured as described in ref. 4 . For FruA immunoblots, cells were boiled for 5 min in SDS lysis buffer (36) containing 0.5 g͞ml leupeptin, 0.7 g͞ml pepstatin, and 0.25 mM phenylmethylsulfonylfluoride, and 4 g of total protein was separated on a Tris(hydroxymethyl)-aminomethane͞SDS͞10% polyacrylamide gel. For CsgA immunoblots, cells were boiled for 5 min in Tris(hydroxymethyl)-aminomethane͞SDS lysis buffer (37) containing protease inhibitors as described above, and 10 g of total protein was separated on a Tris(hydroxymethyl)-aminomethane͞SDS͞ 10% polyacrylamide gel. Immunoblots were prepared by standard procedures (36) and probed with rabbit anti-FruA serum (38) at a 1:7,000 dilution or rabbit anti-CsgA serum (11) at a 1:5,000 dilution. After reaction with peroxidase-conjugated goat anti-rabbit IgG (Roche Molecular Biochemicals), the blots were developed with the PerkinElmer chemiluminescence reagent. Protein concentrations were determined with Bradford reagent (Bio-Rad) with bovine IgG as standard.
Sequence Analysis. Most of the putative EBPs were discovered by using the PF00158 Pfam motif as described in ref. 3 
Results
EBPs with FHA Domains. By using the highly conserved central ATPase domain for identification ( Fig. 1) , we found 52 EBP-like genes in the M. xanthus genome. Alignment of these 52 sequences revealed conserved residues arranged in seven regions as described previously for the central domain of EBPs (see Fig.  8 , which is published as supporting information on the PNAS web site) (32) . The GAFTGA sequence motif, which is present in genuine 54 -dependent EBPs (33), was found in variant forms in all sequences except ORF Mx3725, where it appears to be absent. Seeking the regulatory functions of these EBPs, we analyzed their domain architecture by using the Pfam HMM database. The majority, 28, of the 52 M. xanthus EBPs were found to have a two-component response regulator receiver domain at their N termini. These domains among others are commonly found in bacterial EBPs (see Fig. 9 , which is published as supporting information on the PNAS web site) (33) . Twelve potential EBPs in M. xanthus have a FHA domain at their N termini shown in Fig. 1 . Although FHA domains have been found in several proteins, they are new to EBPs, having only recently been proposed for two EBPs in Pirellula species strain 1 (39) . Except for Mx4562, Mx3725, and Mx1598, FHA domains were the only N-terminal domains identified in the 12 sequences of Fig. 1 . These three sequences contain a GAF domain in addition to their FHA domain. GAF domains are commonly found in EBPs and are signaling modules that bind small-molecule cofactors (33) . Alignment of the 12 sequences with the prototypical FHA 
domain, RAD53
FHA1 from yeast (40, 41) shows that the motifs: G69-R70, S85-XX-H88, and N107-G108 from RAD53 FHA1 are well conserved in the M. xanthus sequences (Fig. 2) . The FHA domain in RAD53 is a small, phosphothreonine-specific recognition domain, and it is thought to interact with a protein partner in a process regulated by reversible protein phosphorylation (41) (42) (43) (44) . Finding EBPs with an N-terminal FHA domain in M. xanthus, opens the possibility of interactions with an autophosphorylated STPK. In fact, genes encoding STPKs were found immediately next to four EBP ORFs Mx0888, Mx5079, Mx1288, and Mx4901, and others were found close to ORFs Mx1598 and Mx4562.
Mx4885 Insertion Mutants Have Developmental Defects. Of the 12 genes that encode putative EBPs with FHA domains, nine have previously been inactivated (Fig. 1) . Disruption of the Mx0888 and Mx1598 genes results in abnormal fruiting-body development, but the reason for those defects was not apparent (22, 28) . To shed light on the physiological role of the three yet uncharacterized EBP genes, we disrupted each of them by plasmid insertion. Disrupting the Mx1288 and Mx3725 genes revealed no abnormality in vegetative growth or in fruiting-body development under the conditions tested.
Mx4885 was disrupted by inserting plasmid pJEL4885.8 ( Fig.  3A) by means of homologous recombination resulting in strain DK12702 (Mx4885::K m ). DK12702 had no obvious growth defects: colony color, morphology, and the rate of spreading (or swarming) on either soft or hard agar were similar to wild type. Development of DK12702 was examined on CF starvation agar, where after 24 h, wild-type cells will have aggregated into translucent mounds (Fig. 3B) . During the next 48 h, the wild-type mounds become condensed, darkened, spore-filled fruiting bodies (Fig. 3B) . As the wild type aggregated and constructed mature fruiting bodies, rippling was evident at 48 h. Although the insertion mutant Mx4885::K m was able to ripple, it formed abnormal fruiting bodies. By 24 h, the mutant had formed irregular aggregates that were less compact and less dense than those of the wild type (Fig. 3B) . Between 24 and 72 h, the mutant aggregates enlarged, but they were always less regular than wild-type fruiting bodies and less compact. Sporulation in the mutant fruiting bodies was reduced 500-fold compared to wild type (Table 1) . Mutant cultures could be induced to sporulate by addition of glycerol to aerated liquid cultures like wild-type cells, suggesting that the developmental defect is before the change in cell shape from rod to sphere step that is common to fruiting body and glycerol sporulation (35) .
To investigate whether the developmental sporulation defect caused by the Mx4885::K m insertion could be due to lack of an exchangeable extracellular substance, or signal (24, 27, 28, 45) , wild-type cells (DK1622) were mixed with an equal number of mutant cells (DK12702) and the number of spores formed by the DK12702 strain was measured after 72 h of development. However, the experiment gave 0.06 Ϯ 0.03% sporulation of the mutant after codevelopment with wild-type cells. Because there was no more sporulation than the 0.2 Ϯ 0.2% shown for DK12702 alone in Table 1 , there is no evidence for a signal defect.
Some aggregation defects have been shown to be consequences of a defective A-engine or S-engine for gliding. This consideration was addressed by constructing Mx4885 S -and Mx4885 A Ϫ double mutants; strains with both an A Ϫ and an S Ϫ mutation are nonspreading and grow as small, smooth-edged colonies (46, 47) . However, neither Mx4885 double mutant showed loss of motility, as illustrated in Fig. 10 , which is published as supporting information on the PNAS web site. The developmental defect observed for DK12702 is not secondary to a defect in either one of the two gliding engines.
Mx4885 Is Necessary for Fruiting-Body Development. The gene immediately downstream of Mx4885 is oriented in the same direction for transcription as Mx4885, raising the possibility that insertion of the plasmid pJEL4885.8 in Mx4885 (in DK12702) has a polar effect on the expression of the downstream gene (Fig.  3A) . To discriminate between inactivation of the Mx4885 gene itself or the downstream gene in the mutant, a copy of the wild-type Mx4885 gene without the downstream gene was placed under the control of the pilA promoter and was added by Table 2 . † The frequency was normalized to that of the wild type (DK1622) measured in the same experiment and set at 100%.
integrating pJEL4885.11 to give the strain DK12705 (Fig. 3A) . The pilA promoter is active during both growth and development (17) . As a control, the vector pSWU30 (without the Mx4885 gene) was also introduced into DK12702 to give the strain DK12706. As seen in Fig. 4 and Table 1 , when all these strains were induced to develop on CF agar plates in parallel, the abnormal developmental phenotype observed for DK12702 was corrected by the introduction of a single wild-type copy of the Mx4885 gene expressed from the pilA promoter. Introduction of pSWU30 into DK12702 did not have any effect on the phenotype (Fig. 4 and Table 1 ). These results point to the disruption of Mx4885 itself as the cause behind the developmental failure of DK12702.
If the loss of Mx4885 function alone is responsible for the developmental defects in DK12702, then an in-frame deletion mutant of Mx4885 should be defective. An in-frame deletion mutant was constructed by using plasmid pJEL4885.7 (Fig. 3A) . DK12703 has an 1,137-bp in-frame deletion within Mx4885 (⌬Mx4885 48 -426 ) that removes codons 48-426 of the Mx4885 ORF. This construction deletes the FHA motif, the entire central domain, and most of the C-terminal DNA-binding domain from the EBP. As shown in Fig. 4 , DK12703 displayed abnormal and delayed aggregation and reduced sporulation (Table 1) , very much like the Mx4885::K m mutant.
Strain DK12704 suffers a shorter, 228-bp, in-frame deletion of Mx4885 (⌬Mx4885 48 -123 ), which eliminates codons 48-123 of the Mx4885 ORF by using plasmid pJEL4885.6 (Fig. 3A) . This construction is expected to delete the FHA domain from the protein while the central and C-terminal domains of the protein remain intact. DK12704 also showed abnormal and delayed aggregation and reduced sporulation, like the ⌬Mx4885 48 -426 deletion and the Mx4885::K m insertion mutation (Fig. 4 and Table 1 ). The phenotype of these in-frame deletion mutants establish that the developmental defects observed in DK12702 and DK12703 can be accounted for by loss of function of the Mx4885 gene and its protein product. Because DK12704 is unable to develop, the FHA domain of Mx4885 must be necessary for normal development.
The Mx4885 Mutation Changes Developmental Gene Expression. As previously established, each developmentally regulated Tn5lac reporter fusion increases its expression at some particular time during development in wild-type cells (4) . To assess progress through the developmental program and to estimate the time at which Mx4885 is needed for development, expression of five developmentally regulated Tn5lac reporter fusions was compared between the Mx4885::K m insertion mutant and wild-type cells. Expression of the Tn5lac ⍀4455 reporter initiates within an hour after onset of starvation in wild type. Induction depends on starvation but not on the A-signal or C-signal (12, 48) . In the Mx4885::K m mutant, the expression profile of this fusion was very similar to wild type (Fig. 5, Tn5lac ⍀4455) , suggesting that the Mx4885::K m mutant has no difficulty before the time of ⍀4455 expression and is thus able initially to respond to starvation normally. By contrast, the expression profiles of the other four fusions were significantly altered by the Mx4885::K m mutation. Tn5lac ⍀4521 depends on the A-signal for normal expression (48) . Because ⍀4521 expression is initiated normally, A-signaling appears to be satisfactory. Moreover, bioassays showed normal A-signal production during development from the Mx4885::K m mutant (Fig. 11 , which is published as supporting information on the PNAS web site). Nevertheless, Tn5lac ⍀4521 expression is much higher in the Mx4885::K m mutant after 6 h of development (Fig. 5) . After 24 h, Mx4885::K m showed a Ͼ3-fold higher level of Tn5lac ⍀4521 expression than wild type. This effect on Tn5lac ⍀4521 expression profile resembles the effect caused by a fruA mutation (38) .
Three Tn5lac reporter fusions, ⍀4414, ⍀4403, and ⍀4401, depend on C-signaling for normal expression (12) . Gene expression in these fusion strains was not induced to wild-type levels when measured in the Mx4885::K m mutant (Fig. 5) . In Tn5lac ⍀4401, ␤-galactosidase activity did not rise at all in the Mx4885::K m mutant.
The finding that Mx4885 regulates the expression of these four of five Tn5lac fusions, either directly or indirectly, and the times at which expression differs from wild type, mean that Mx4885 becomes important at Ϸ6 h of development and remains important thereafter. Even though the Mx4885::K m mutant delayed aggregation, no delay was evident in the expression of ␤-galactosidase from the ⍀4455, ⍀4521, ⍀4414, or ⍀4403 fusions in the Mx4885::K m mutant background (Fig. 5) . The level of reporter expression either failed to decrease (⍀4521), was reduced (⍀4414 and ⍀4403) or was completely abolished (⍀4401) in Mx4885::K m .
Mx4885 and the C-Signal Transduction Pathway. That the Mx4885::K m mutant expresses three different C-signaldependent reporters at reduced levels, forms abnormally shaped fruiting bodies, and produces fewer spores points to a defect in the network of C-signaling. To pinpoint the effect of the Mx4885::K m mutation in the C-signaling network, we first assayed the ability of the mutant to present and transmit the C-signal to a C-signal-deficient csgA mutant. Admixed Mx4885::K m cells (DK12702) rescued the sporulation of a csgA mutant (DK5208) as efficiently as did wild-type cells by extracellular complementation (Fig. 6A) . Next, C-signal production by the Mx4885::K m mutant was quantified by immunoblots with polyclonal anti-CsgA antibodies. Proteins were isolated from wild-type (DK1622) and Mx4885::K m cells (DK12702) that had been starved on CF medium. p25 and p17 CsgA proteins (11) displayed similar accumulation profiles in the two strains during development (Fig. 6B) . p25 CsgA and p17 CsgA represent the cytoplasmic translation product of the csgA gene and the processed, cell-surface, active form of the signal molecule (49) . These data show that Mx4885 is not involved in either synthesis or processing of CsgA protein.
Reception of the C-signal increases csgA expression by means of an act gene-dependent positive feedback loop represented in Fig. 7 (9, 24, 45 ). The number of C-signal molecules increases during development as cells signal each other. An increase in both p25 and the processed p17 is evident in mutant and wild type in Fig. 6B . The increase argues that the mutant can receive C-signal like wild type and that the act feedback loop is normal. In sum, these experiments show that the Mx4885::K m mutant is not defective in production, transmission, reception, or feedback of the C-signal. If the C-signal transduction pathway is correct, Mx4885 must play its role beyond the act feedback loop.
Mx4885 Is Also Beyond FruA Synthesis. The two-component response regulator FruA is required for rippling, aggregation, and sporulation (38, 50, 51) . Those three responses are also downstream of the act positive feedback loop in the C-signal transduction pathway that is represented in Fig. 7 . Synthesis of FruA protein depends on the A-signal, but synthesis is independent of the C-signal. Instead, reception of C-signal activates FruA posttranslationally, most likely by phosphorylation (50) . To investigate the relationship between FruA and Mx4885, the accumulation of FruA protein was examined by using semiquantitative FruA immunoblots. As shown in Fig. 6B , FruA accumulated in the mutant with similar timing and levels as observed in wild type during development on CF agar. Mx4885 therefore has no role in the synthesis of FruA but more likely in the modification that activates it, as indicated by the red line in Fig. 7 .
Discussion
Loss of Mx4885 function results in a unique developmental phenotype: normal rippling but abnormal and delayed aggregation, a severe reduction in sporulation, and a novel pattern of developmental gene expression. The earliest change in developmental gene expression was observed at 6 h after the initiation of starvation. Furthermore, expression of all C-signal-dependent gene fusions tested was either reduced or abolished, whereas C-signal-independent fusions were not depressed (Fig. 5) . Both the fact that C-signaling gets underway at 6 h as well as the pattern of reporter gene expression in the Mx4885 mutant implicates the C-signal transduction pathway. The mutant produced p25 and p17 CsgA proteins at normal levels throughout development (Fig. 6) . Moreover, the Mx4885 mutant was able to complement a C-signal-deficient mutant and rescue its development. Likewise, Mx4885 was shown not to be involved in the developmentally regulated accumulation of FruA, an essential component of the C-signal transduction pathway. Based on these data, we suggest that Mx4885 function lies on the C-signal transduction pathway just downstream of the accumulation of the FruA protein and just downstream of the act feedback loop, as represented in Fig. 7 .
C-signaling is thought to ensure the correct temporal and spatial order of rippling, aggregation and sporulation during development by means of an ordered increase in the cellular level of C-signal (9, 10, 11) . It has been suggested that the two-component response regulator FruA is activated by phosphorylation in a C-signal-dependent manner (50) whereby a given level of extracellular C-signal level is translated into a specific intracellular level of FruA-P (Fig. 7) . The C-signaldependent events are induced by different levels of FruA-P, as indicated in the model of Fig. 7 . Rippling is produced by a low initial level of C-signal and a correspondingly low level of FruA-P. Aggregation then sporulation require higher levels of C-signal and, thus, higher levels of FruA-P. The Mx4885 phe- notype could be explained if its level of FruA-P rose only a bit above the rippling level, high enough for streaming to begin but too low for streaming to compact the fruiting body or to induce sporulation. If the function of Mx4885 is to augment the level of FruA-P above the rippling level, loss of that function would give the phenotype observed for the Mx4885 mutant. We suggest that Mx4885 is involved in coordinating the level of FruA-P with that of the extracellular level of C-signal.
Mx4885 encodes one of 52 putative 54 -dependent EBPs found in the M. xanthus genome. It is thus likely that Mx4885 regulates expression of genes transcribed from one or more 54 -dependent promoters and that the products of these genes rather than Mx4885 itself is involved in regulating FruA activity. The Mx4885 protein is a specialized EBP with an FHA domain as its N-terminal sensory domain. Mx4885 and the 11 other EBPs with FHA domains might constitute a new subfamily of EBPs. The presence of the FHA phosphothreonine recognition domain suggests that these EBPs interact with proteins that are themselves regulated by reversible protein phosphorylation by the action of STPKs and phosphatases. The simplest signal transduction pathway involving an FHA-EBP protein would have a direct interaction between the EBP and a cognate STPK. The STPK, having been autophosphorylated in response to a particular stimulus, would then phosphorylate the EBP and activate it to initiate transcription. A precedent is available in Mycobacterium tuberculosis where the FHA domain of the ToxR-like transcriptional regulator EmbR allows the protein to interact with an autophosphylated form of PknH, an STPK, which then catalyzes phosphorylation of EmbR (52) . An FHA-EBP might also be activated indirectly by means of an STPK-phosphorylated coactivator protein. In either case, the N-terminal FHA domain of the EBP would regulate its ability to activate transcription in response to the environmental cues detected by the STPK. What those cues may be is not known, but identifying the STPK that is cognate to Mx4885 may lead to their discovery.
